Electric Double Layer Capacitor (EDLC) holds the highest share of commercial supercapacitor market. However, it has been proven that current Helmholtz, Gouy-Chapman and Stern models do not provide comprehensive explanation for energy storage mechanism in EDLC. In this work the effects of interdigitated EDLC design on capacitance of flexible laser scribed interdigitated microsupercapacitor (LSG-MSC) are studied. Three design parameters are tested, (1) current collector-electrode interaction, (2) electrode aperture, and (3) distance between parallel electrodes. Noticeable change was observed in the total capacitance upon change in LSG-MSC design which was analyzed in detail using cyclic voltammetry, electrochemical impedance spectroscopy and electrostatic simulation using COMSOL Multiphysics. It was found that in addition to electric double layer capacitance, an electric field was generated between electrodes and between electrode and current collector which led to small electrostatic capacitance between them. This electric field was also found to cause disturbance in double layer formation at the electrode thus causing change in the overall capacitance as the design parameters were varied.
I. INTRODUCTION
The concept of electric double layer capacitance was first discovered by Hermann von Helmholtz in 1853 [1] . He stated that for a charged electrode in an electrolytic solution, another electrode is formed at the electrode/electrolyte interface by ions from the electrolyte solution, and the two electrodes are separated by only a few Angstroms as shown in Fig. 1(a) . The double layer is considered to be a molecular capacitor with distance between the plates in Angstroms thus having very high specific capacitances. However, this model was only valid for solutions with very high electrolyte concentration.
In 1910 and 1913 respectively, Guoy and Chapman gave separate theories for electric double layer formation in dilute solutions [2] , [3] . The combination of their respective explanations became known as the Gouy-Chapman model. In the combined model, exchange of counter ions between the layer of adsorbed ions (stern layer) and the bulk of the solution is also considered. The effect of thermal motion and coulomb The associate editor coordinating the review of this manuscript and approving it for publication was Yunfeng Wen . forces on counter ion distribution is also described, as shown in Fig. 1 (b) .
In 1923, Stern described two regions of ion distribution using Helmholtz and Gouy-Chapman models. The inner region, which was initially described by Helmholtz, is called the compact/Stern layer and the diffused ions which form a loose layer in the outer region are called Gouy-Chapman layer as shown in Fig. 1(c) . The two regions are also called inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) respectively. Total capacitance C dl for the EDLC is a combined effect of capacitances from IHP (Stern layer capacitance C s ) and OHP (capacitance due to diffusion layer C diff ).
Practical EDLC has a high surface area porous electrode and the electric double layer behavior is affected by several parameters including space constraints of the pores, electrolyte resistance, mass transfer path, inter-electrode distance, VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ wettability of porous electrode etc., thus it cannot be fully described by the models shown in Fig. 1 [4]- [6] . During the past two decades EDLCs have seen a surge in development and commercialization due to high demand from consumer electronics such as laptops, mobile phones and even electric vehicles. With such high demand it is important to understand the working mechanism of EDLC in order to utilize its full potential. Extensive experimental and simulation studies have been done to investigate the effect of electrode [8] - [13] and electrolyte material [14] - [17] on the performance of EDLC. However, Stern model is still the standard model used for prediction of EDLC behavior even though it does not take into account the various electrode and electrolyte factors effecting the total capacitance.
Two most commonly used geometries for EDLC are stacked and interdigitated electrodes. While stacked EDLC are easy to fabricate, they have significantly less energy density compared to their counterparts as well as being incompatible with on-chip microsystems. Interdigitated microsupercapacitors (MSC) on the other hand, have very fast charging/discharging, long life time and high power density and operating voltage. However, despite the clear superiority of interdigitated MSC over stacked geometry, as well as experimental evidence suggesting change in total capacitance of MSC by variation in device dimension [18] , [19] there has been no thorough investigation to study this effect in depth to the best of our knowledge.
MSCs are commonly prepared using photolithography [20] - [23] . However, recently laser scribing has emerged as an inexpensive and facile method for the fabrication of high performance MSC on flexible substrates [24] - [26] . In this case a high energy laser causes photothermal or photochemical reaction on the surface of a polymer and converts it into conductive carbonaceous material commonly referred to as laser scribed graphene (LSG). By controlling the movement of laser on the polymer surface we can make conductive paths in our desired patterns. Furthermore, the carbonized material produced by laser scribing is highly porous which makes it an ideal candidate for EDLC electrodes.
Our group has previously fabricated laser scribed supercapacitors [27] as well as rGO based strain sensors [28] based on the principle of laser scribing. In this work, we have investigated the effect of device dimensions on the performance of flexible laser scribed MSC. We have also performed electrostatic study using COMSOL Multiphysics to investigate electric field produced between electrodes and between electrode and current collector. Lastly, experimental and simulation results have been compared to find correlation between change in total capacitance of LSG-MSC and electric field.
II. METHODS
Three set of MSCs (Fig. 2) were fabricated using laser scribing on flexible polyimide substrate. The laser used had wavelength of 410nm and experiments were performed with 106mW laser power. The dominant mechanism for formation of LSG was determined to be photothermal reduction [29] . In this case, laser irradiation causes high temperature, in the range of ∼2500-3000 • C, at the surface of polyimide which provides enough energy to break C-O, C = O and C-N bonds and leads to the formation of conductive C-C bonds at the surface.H3PO4/PVA polymer gel electrolyte was used which was synthesized according to literature [18] . MSC1 was designed to study the relationship between electrode and current collector distance. In MSC2 the authors have studied relationship between two overlapping electrodes and how the area of overlapping (also called aperture) affects the capacitance of EDLC, while in MSC3 the effect of inter-electrode distance on total device capacitance was studied. Detailed design information and hypothesis about each set of MSC can be found in supplementary information. Each set of MSC was also simulated to study the electrostatic fields being produced. First, 2D structures were designed in COMSOL Multiphysics using parameters listed in table SI. Note that all the design and material parameters used for simulation were the same as that for fabricated MSCs. Next, the designed supercapacitors were studied using the AC/DC (electrostatics) physics functionality in COMSOL Multiphysics. Maxwell capacitance was noted for each structure as well as the direction and strength of electric field lines, electric potential contour between current collector and electrode and between two electrodes. VOLUME 8, 2020 
III. RESULTS AND DISCUSSION
The fabricated MSCs first underwent material characterization to confirm the formation of laser scribed graphene and to determine its height relative to polyimide sheet.
For this purpose, X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Optical Profilometry were performed. The synthesized electrolyte was characterized using Fourier Transform Infrared Spectroscopy (FTIR). These results are discussed in supplementary information ( Fig. SI-SV) .
Next, electrochemical characterization was done using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) to determine change in total capacitance with respect to device dimensions. Fig. SVI shows typical Nyquist plot for EDLC with parameters identifying device performance such as resistances R A , R AB , R B , R C and slope of line BC (k BC ).
A. MSC1 Fig. 3a and 3b show the cyclic voltammogram and Nyquist plot for MSC1 respectively. From Fig. 3a it was observed that as the distance between electrode and current collector increased from 600µm to 1000µm, there was a sharp decrease in total capacitance of the device. Nyquist plot of Fig. 3b shows that this was due to increase in polarization resistance (R AB ) as explained in supplementary information and shown in table SII. R A is defined as the sum of electrolyte resistance in pores of electrode and electrode resistance [18] , [30] . For MSC1 the value of R A increased as distance between current collector and electrode was increased. This might be due to electric field being produced between the current collector and edge of electrode which induced an electrostatic capacitance between the two. As the distance between the electrode and current collector increased, the electric field strength decreased causing increase in R A. Furthermore, as the distance increased from 200µm to 600µm, R A increased more than 2k after which it experienced some saturation, possibly due to sharp decrease in electric field. Since electric field was experienced only at the edge of the electrode, its effect on electrolyte and electrode surface resistance is not pronounced and thus it was not the dominant factor for decrease in capacitance for MSC1. Increase in R A was also not as pronounced in MSC1 as in MSC2 and MSC3 for the same reason. Note that the surface area of device, electrolyte concentration and laser parameters were kept constant for all MSCs so as not to cause change in capacitance due to double layer effect.
R AB is often referred to as charge transfer resistance attributed to length of ion diffusion pathway between two electrodes [6] , [18] , [31] - [33] or as polarization resistance which is defined as resistance encountered by the electrolyte ions during penetration inside the electrode [30] , [34] , [35] . For MSC1, R AB was hypothesized to be polarization resistance since the MSC was designed to have only one electrode. R AB also increased as the distance between electrode and current collector increased. The authors suggest that electric field between the edge of electrode and current collector caused the surface resistance of electrode to decrease [36] , [37] thus decreasing the polarization resistance by providing less resistive path to ion transport inside pores of the electrode.
As distance between current collector and electrode increased, the electric field decreased leading to increase in electrode surface resistance and consequently increase in polarization resistance. At distance greater than 600µ m the authors observed significant increase in R AB which in turn caused decrease in capacitance, as evident from cyclic voltammetry curves.
The next parameter analyzed was the slope of line BC (k BC ). The parameter k BC is defined as the ratio between time constants τ D and τ RC, (k BC = τ D /τ RC ) [38] , where
τ RC corresponds to the behavior of an ideal RC circuit with resistance (R EB + R D ) in series with a capacitor with total differential capacitance C diff . In the case of EDLC, R EB and R D are defined as bulk electrolyte resistance and diffuse layer resistance respectively. The parameter τ D is the time constant corresponding to the diffusion of electrolyte ions and depends on the total length covered by the electrolyte (L) and the diffusion coefficient (D) of the electrolyte [38] . It has been proven that as electric field increases, the diffusion coefficient of electrolyte decreases due to highly resistive path experienced by the electrolyte ions in the region of electric field [39] . When the electrode was placed close to the current collector (distance ≤200µm) the electric field experienced by it was very large. This high electric field caused decrease in the diffusion coefficient (D) which in turn increased τ D and consequently caused high k BC . As the distance between the current collector and electrode increased, D increased and resulted in decreased value of τ D and k BC as shown in table SII. It should be mentioned that though the electric field strength decreases drastically at distances larger than 600µm, it is still present and is strong enough to effect D.
It should also be noted that the EIS results from this work do not show straight line at lower frequencies corresponding to behavior of ideal RC circuit due to highly porous nature of LSG electrode.
Next, COMOL based simulation was used to test the electric field being produced between current collector and electrode and the resulting electrostatic capacitance between the two. The authors found that at distance smaller than 600µm there was drastic increase in electrostatic capacitance of the device (Fig. 3c and table SIII) . As mentioned above, there was also a sharp change in R A at these distances which led us to conclude that R A is directly influenced by electric field between electrode and current collector . Fig. 4a shows the cyclic voltammogram for MSC2. It is evident from the graph that there is almost linear decrease in capacitance as the aperture of the two electrodes decreases from 4.8mm to 3.6mm from MSC2-200 to MSC2-1400 respectively. This was found to be due to increase in electric field inside the MSC which decreased linearly as aperture decreased. Cause of the increase in capacitance is explained in depth using Nyquist plot (Fig. 4b ) and COMSOL simulations (Fig. 4c) .
From Nyquist plot of Fig. 4b we observed increase in R A , R AB and slope of line BC (k BC ) as the aperture decreased while simultaneously the total capacitance decreased as evident from cyclic voltammogram of Fig. 4a . The percent change in aperture was found to be 33.33% while the change in R A and R AB was 45% and 66.2% from MSC2-200 to MSC2-1400 respectively (table SIV). This implies that in addition to longer ion diffusion path for MSC2-1400 there was another force causing increase in R A and R AB . From simulation it was observed that electrostatic field between the two electrodes decreases 17.6% in strength as the aperture decreased from MSC2-200 to MSC2-1400. Accounting for ±5% variation in experimental and simulation results, it can be estimated that electrostatic field between the two electrodes causes change in R A and R AB under the same effects as mentioned for MSC1. Change in k BC from MSC2-200 to MSC2-1400 is ∼10% larger than that for MSC1. This is due to larger area covered by electric field for MSC2 than for MSC1. However, for MSC2, the ion diffusion pathway between two electrodes increases from MSC2-200 to MSC2-1400 which also plays a role to decrease total capacitance of the system as explained by Kim et al. [18] , while this effect was not present for MSC1.
Simulation results found similar trend for electric field, i.e., there was no sharp change in electric field between the electrodes. This was because the distance between electrodes remained constant while the total area which experienced electric field changed, causing change in electrostatic capacitance as shown in Fig. 4c .
C. MSC3
For MSC3 the authors noted the change in total capacitance due to change in inter-electrode distance. Fig. 5a shows the cyclic voltammogram of MSC3. As the inter-electrode distance increased from 200µm to 600µm, we observed sharp decrease in capacitance, similar to that for MSC1. This has been previously attributed to high electric field between the electrodes.
As is evident from Nyquist plot ( Fig. 5b ) and table SVI, the values measured for R A are significantly smaller for MSC3-200 than those for MSC1 and MSC2. Similar results were obtained by Kim et al. who attributed it to smaller ion diffusion pathway between the electrodes as the distance between them decreased [18] . While this effect is plausible, the increase in R A and consequent decrease in total capacitance should be somewhat linear as the electrodes moved apart. Instead, as noted by us and Kim et al., there was a sharp decrease in capacitance as the distance between the electrodes increased to 600µm. From Nyquist plot of Fig. 5b it was observed that as inter-electrode distance increased beyond MSC3-600 the value of R A increases by a very small amount (∼500 for this work). This led us to suggest that at small inter-electrode distance, large electric field is present between electrodes causing electrostatic capacitance between them as well as enhancing double layer capacitance by causing decrease in R A . The effect of electric field decreases drastically when inter-electrode distance is increased beyond 600µm causing significant decrease in electrostatic and electric double layer capacitances. This effect has also been shown by simulation ( Fig. 5c ). We observed that for MSC3 the dominant factor for decrease in capacitance was increase in R A , which was due to sharp decrease in electric field at inter-electrode distance greater than 600µm.
The resistance R AB increases linearly from MSC3-200 to MSC3-1400, suggesting that in this case it is dominated by decrease in ion diffusion length. k BC also increases linearly from MSC3-200 to MSC3-1400 and can be explained by the same reasoning as that for MSC1.
Simulation results for MSC3 are similar to those for MSC1 except that the strength of electric field and consequently electrostatic capacitance was much greater for the former. This was because the total area experiencing electric field is much higher for MSC3. At inter-electrode distance greater than 600µm the electrostatic capacitance between two electrodes experienced very small decrease. Same effects were observed for R A and total capacitance obtained, which led us to conclude that electric field produced between two electrodes is directly responsible for change in total capacitance between them for MSC3. Table 1 shows the summarized results of the above discussion. In this work we have studied the effect of design parameters for microsupercapacitor on the total capacitance of the device. The authors did not evaluate the effect of electrode width on total capacitance as it is clear that increase in electrode width would cause increase total capacitance due to increased surface area [19] .
IV. DISCUSSION
This work can be used as a guideline for designing microsupercapacitor with maximum attainable capacitance. Based on well-known principles, it is expected that as the distance between electrodes and current collector decreases the capacitance will continue to increase. Simulation results show that at electrode-current collector distance in order of few hundred nanometers, the electrostatic capacitance increases to several microfarads. This suggests that the effect of the electric field on double layer formation (via change in electrolyte diffusion coefficient) as well as electrostatic capacitance cannot be ignored for on-chip microsupercapacitors and understanding its mechanism is important for designing high performance on-chip microsupercapacitors.
V. CONCLUSION
We have shown through experiment and simulation that the total capacitance of interdigitated microsupercapacitor is heavily dependent on the distance between electrodes and between electrode and current collector.
• Within the range of dimensions studied in this work, the optimal distance between electrodes and current collector as well as between two electrodes for maximum capacitance was found to be 600µm or less.
• It was also found that the aperture of MSC also influenced total capacitance of the device and should be kept as large as possible.
• It was concluded that these results were due to electric field being generated between conductors (current collector and electrodes) which resulted in electrostatic capacitance between them. The generated electric field also caused change in diffusion coefficient of electrolyte thereby causing change in the formation of electric double layer on surface of the electrode.
• Additionally, from Nyquist plots of all MSCs it was found that the total device capacitance is dependent on the value of resistances R AB and R A as well as on the electric field generated between electrodes and between electrodes and current collector.
• Lastly, it was found that electric field between conductors and change in ion diffusion pathway between electrodes were the major factors causing change in total capacitance of the microsupercapacitor.
